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I. INTRODUCTION
Diagnostic Laboratories are limited to non-existent in the developing world. In order to effectively control disease in developing countries, sensitive, portable, and simple analytical devices need to be built on low-cost materials for providing rapid diagnosis of human diseases and detection of environmental contaminants. The use of low-cost materials makes the largescale deployment of such devices to developing regions economically viable. The recent rise of paper-based microfluidics as a platform for health and environmental monitoring is an example of using low-cost technology to take on the medical and environmental challenges faced by the developing regions of the world. [1] [2] [3] As part of a continuous effort to seek new materials for making low-cost diagnostic devices, threads and fabrics have been investigated as a group of inexpensive materials for the fabrication of disposable microfluidic devices. [4] [5] [6] [7] [8] Thread normally refers to twisted fibers and can be combined to make a yarn. The voids between these fibres form capillary channels and facilitate liquid flow without the requirement of external pumping, make them suitable for fabricating rapid and inexpensive point-of-care (POC) diagnostics. Thread-and fabric-based microfluidic devices require a few microliters of reagents and analyte sample solutions to perform a) Author to whom correspondence should be addressed. Electronic mail: wei.shen@monash.edu. Tel.: þ61 3 99053447.
1932-1058/2013/7(5)/051501/16/$30.00 V C 2013 AIP Publishing LLC 7, 051501-1 chemical and biochemical analyses. [4] [5] [6] [7] [8] [9] [10] [11] Although the porous fibre structures in threads provide capillary channels, some natural fibres are coated waxes composed of long fatty acid chains; the natural plant wax reduces or even stops the liquid wicking within threads. 4, 6, 8, 12 Wettability of these fibres can be enhanced by removing the natural waxes from the fibre surface, allowing wicking by capillary action to occur. Combined with liquid wicking ability with other properties such as flexibility and wet-strength, thread can be used with other materials to fabricate light-weight and embeddable systems. 4, 6 Threads can be easily made in white colour which provides desirable background reference for colorimetric assays. The facile colorimetric assay approach can be traced back to the work by George Oliver, who demonstrated the "Test Strips" using paper as well as cloth as substrates to perform multiple-analyte assays of human urine. 13 To date, several published diagnostic studies using thread and textile have demonstrated using of colorimetric measurements to form calibration curves and detect and quantify analytes in samples; these include pH of human sweat, human blood type, glucose and protein in simulated urine sample.
The growing body of recent work in this field has demonstrated that multifilament threadand textile-based microfluidic devices can also meet the "ASSURED" criteria set forth by the World Health Organisation (WHO) for diagnostic platforms to be affordable, sensitive, specific, user-friendly, rapid, equipment-free, and deliverable to the users. 14 However, the development of multifilament thread and textile-based microfluidic diagnostic devices is still in its early stages; it requires the accumulation of a larger body of innovation, knowledge and skills in fabrication techniques and detection methods in the near future to enable this platform to reach maturity. In addition, a strong need to be able to accurately characterize liquid transport behaviour within threads and textile materials exists. Furthermore, the ability to embed such devices for direct sample collection remains an exciting prospect which deserves further investigation and would be useful for applications in both developed and developing regions.
In this paper, the advantages and limitations of multifilament thread and textile-based microfluidic devices are discussed which can be considered for further development of these devices in future work. We also summarised some of the wetting and mixing modulation methods demonstrated in some devices. Finally, we review the currently employed material treatment, fabrication, and detection techniques using thread and fabric materials.
II. ADVANTAGES AND LIMITATION OF CURRENT MULTIFILLAMENT THREAD-AND TEXTILE-BASED MICROFLUIDIC DEVICES
Several advantages and limitations of multifilament thread and textile-based microfluidic devices exist. The major advantages of thread as a substrate for low-cost microfluidic diagnostics over existing alternatives such as paper are (1) greater tensile strength and flexibility, (2) the ability to easily form 3D structures, (3) the choice of different fibre materials to make thread, (4) simplicity of combining threads into wearable materials, (5) in certain designs, thread microfluidics do not require precise control of sample volumes being introduced into the sensor in order to get a quantitative or semi-quantitative results, (6) that thread can be easily modified to form nitrocellulose thread and make detection zones, etc. On the other hand, limitations include the following: (1) the pores which form flow channels on threads and fabrics display a wide variety of inter fibre gap sizes and weave/twist interstitial porosities and spaces. Therefore, their characterization is dependent on many factors. While the interfibre channels can be correlated with the Washburn equation, it is not easy to do precise modeling, as some channels are fully enclosed by surrounding fibres, while others are not. (2) Thread is a "one-dimensional" material with limited surface area; it is difficult to use various designing and fabrication techniques such as printing. However, fabrics are typically two-dimensional and can be made three-dimensional, therefore have the potential to use unconventional assay reporting techniques such as text reporting demonstrated by Li et al. on paper-based sensors, 15 although no such report has been published to date. In the future, new innovation will be required to overcome these limitations and expand upon the advantages of these substrates over alternatives.
III. ANALYSIS OF WICKING PROPERTY IN THREAD AND TEXTILE
Multifilament threads and textiles have been used in a variety of applications such as clothing and cleaning. Long before the use of these materials for microfluidics, different methods were reported for characterizing and analysing the performance of thread and fabrics for transporting liquids via their capillary structure. Research in this field shows that capillary pressure and permeability calculations can be modeled using Darcy's law and the Lucas-Washburn equation for use in textile technology. 16 In order to have the ability to control the flow of fluids in microfluidic devices built with thread and textiles, liquid wicking phenomena in these materials need to be characterized to enable more precise estimation of the time required for sample fluids to transport for given distances. 5, [17] [18] [19] [20] Working towards meeting this need, Benltoufa et al. investigated capillary kinetics in micro (Eqs. (1) and (3)) and macro pores (Eqs. (2) and (4)) of a cotton jersey knitting to develop two mathematical models. They stated that the capillary rise in micro pores (h mic ) can be described by the Washburn equation by considering the geometry of the jersey loop lengths formed by fibers. However, in macro pores (h mac ), they considered the capillaries as two parallel plates by applying the Washburn style analysis,
where h mic and h mac are capillary kinetics in micro and macropores when dh dt ¼ 0, c L , s, g, and q are the surface tension, tortuosity of capillary tube, viscosity, and density of liquid and g, h, R mi , and e mac are gravitational acceleration, contact angle, radius of microfibres (microtubes), and parallel-plate width, respectively. They validated this model with a relatively large number of experiments, which showed good correlation with their theoretical models. 21 Wang et al. studied liquid wicking properties of polyester yarns and presented results showing that the wicking rate could be increased to a certain level by increasing the number of twists per unit length in the yarn. However, further increases in twisting after this level decreased the liquid flow rate. 20 They have also estimated the maximum wicking height by studying capillary force vs gravity according to the Washburn equation, by neglecting the hydrostatic pressure in the following equation:
where h eq is the maximum wicking height reached by the liquid, R s is the mean static radius of the pores, / and q are the surface tension and density of the liquid, h is the advancing contact angle of the liquid on the solid, and g is the gravitational acceleration. This equation states that the wicking height is related to the pore size of yarn and the physicochemical characteristics of the aqueous sample. In their modelling work, Wang et al. further indicated that the cross sectional geometry of the fibres in a thread has significant influence to the wicking rate. 20 Further study by Bhandari et al. had shown that the number of twists per inch (TPI) is an effective modulator of the wicking rate of yarns. The wicking rates of low ($3 TPI), medium ($20 TPI), and high ($50 TPI) yarns were examined and it was observed that the wicking rate was increased by increasing the twist/inch. 7 Das et al. modeled liquid wicking of polyester yarns and textile against gravity using the Laplace and the Hagen-Poiseuille equations, and considering the effect of gravity. In their study, pore geometry, liquid contact angle with fibre, number of fibres in a yarn, fibre denier, fibre cross-sectional shape, yarn denier, and twist level in the yarn were considered. They developed a mathematical model of wicking height to show that an increase in the number of fibres in a yarn provides higher wicking rate, whereas an increase in the number of twists per length in the yarns will provide lower wicking rate. 22 Their results were somewhat in disagreement with those of Wang et al. as no increase in wicking height was observed for low levels of twist. This difference may be the result of using alternative techniques for twisting and securing the yarns.
In addition, Owens et al. defined a series of parallel and orthogonal microfluidic channels on twisted fabric woven from hydrophobic (poly(ethylene terephthalate)) and hydrophilic (copolyester) spun yarns. Fluid flow from reservoirs was captured and analysed by video microscopy and displayed that inter-yarn microchannels and the geometry of the yarn contacts significantly increased wicking rates. 19 Ballerini et al. have estimated the capillary rise of the testing fluid against gravity in single and twined threads. They used the Washburn equation to estimate the relationship between capillary rise height and time. They assumed that r is the equivalent radius of the interfibre cross section in the yarns. Furthermore, the Laplace pressure and the hydraulic pressure due to gravity lead combinely to the capillary driving force for the liquid rise. From this, they obtained the following equation:
where h is the fluid penetration distance along the thread, g, c, q, and h are the fluid surface tension, viscosity, density, and contact angle, respectively. The first term within the brackets represents the pressure that provides the liquid rising driving force; the second term, the gravity effect, represents the gravitational acceleration. 18, 20 This equation shows that gravity influence must be considered for vertical capillary force. This relationship was also reported by Wang et al. 20 Safavieh et al. studied liquid wicking in threads without gravity influence, but considered fluid loss via evaporation from the yarn surface, which would be a real problem in open-thread designed systems, as it would result in a decrease of the wicking rate. They estimated the volumetric flow rate of water (Q E ) by neglecting the air flow using Eq. (7), where A is the surface area of water in contact with air, DH V is the latent heat of water at the specific temperature, and P W and P a are the saturation vapour pressures at the water temperature and air dew point, respectively,
In order to estimate the evaporation loss of water from the yarn's surface, they multiplied the wetted length by the apparent circumference of the yarn which shows a lower limit in comparison to the reality. 5 Parikesit et al. also investigated the wetting dynamics of fabric by expanding the Washburn equation 23 which estimates the capillary-driven rise only in narrow, hydrophilic, and vertically orientated tubes. 17 They vertically placed and monitored two kinds of fabrics with different weaving models (grid and seat cover cloth). They captured images of rising dye solution in the fabrics and processed the data with an image software package (http://rsbweb.nih.gov/ij/) to study liquid rising dynamics in these samples. Parikesit et al. reported that the flow dynamics of the fabrics qualitatively follow Washburn's equation; however, the quantitative values differ significantly. In addition, their investigation of the wettability variation demonstrated that the liquid wetting dynamics on fabric are influenced by the fabric geometry (roughness) and fibre surface property (hydrophilicity). 17 Therefore, in order to modulate the wetting property of microfluidic fibre-based channels, a variety of parameters such as fibre type, fibre surface property, and weaving patterns should be considered. 17 Most recently, Xing et al. fabricated micro-patterns on super hydrophobic textile (MST) for transporting microliter volumes of fluids by means of capillary wicking. 24 They used a hydrophilic cotton yarn stitched into superhydrophobic fabric to create an interfacial transport model by considering the lengths of the yarn and bundle arrangement (Fig. 1) . Therefore, the wetting contrast enables the aqueous sample to completely deposit along the hydrophilic channels where the internal pressure (DP) is related to sample volume (V). They have obtained Eq. (8), Eq. (9) derived from the Laplace's Law to predict the DP and V,
where, h, D, and c are the height of the droplet, size of the hydrophilic pattern in term of diameter, and the surface tension, respectively. The above-mentioned work on liquid wicking rate in thread and textile materials showed that liquid wicking obeys qualitatively the Washburn equation, i.e., the wicking distance is proportional to the square root of time. The quantitative description of wicking dynamics, however, depends on parameters such as fibre properties, yarn properties, and the fabrics' weaving patterns and models. A serious of issue that requires further research will be to quantify or to predict liquid loss during transport on threads and textiles in order to gain more precise control of liquids in sensing devices made of these materials.
IV. TREATMENT METHODS AND WICKING RATE
Natural and some synthetic threads require surface treatment to enhance their liquid wicking property. An example is thread made from natural cotton fibres, which have wax on the fibre surface and are not readily wettable by water. Several methods have been employed by different groups to remove the fibre surface wax. Li et al. utilized vacuum plasma to treat cotton thread to increase the fibre surface oxygen concentration and polarity. This treatment strongly improved the wettability of the cotton yarn, making it suitable for building threadbased microfluidic devices. Li et al. characterized the surface of the treated and untreated cotton threads using X-ray photoelectron spectroscopy (XPS) and demonstrated, expectedly, that plasma treatment significantly oxidizes the fibre surface, generating O-C-O, C ¼ O, and O-C ¼ O groups which enhance surface polarity. They further characterized the apparent surface energy of the treated and untreated threads by employing a surface tension matching method. 4, 25 The apparent surface energy characterization enabled the prediction from the liquid's surface tension of its wettability to a thread. 4 For thread made from plant fibres, mercerization is an effective way to remove wax from the fibre surface. Mercerization of cotton thread usually involves scouring the thread with NaOH solution followed by neutralization in an acid bath to remove the wax from the fibres. Apart from increasing the wettability of cotton thread, mercerization also improves the mechanical strength of thread.
Following the work by Li et al., Reches et al. reported an empirical study of the liquid wicking rates of nine types of threads (cotton, rayon, hemp, nylon, polyester, wool, 50% cotton/50% acrylic, acrylic, and natural silk) for fabricating thread-based microfluidic devices. 6 They showed that plasma treatment improved aqueous liquid wicking rates on natural as well as synthetic fibres, but the chemical composition of the thread surface before and after the plasma treatment and the surface energies of the thread were not characterized. Table I shows the results of liquid wicking in different threads, where R wb and R wa are the average of wicking rate before and after plasma oxidation, respectively.
Safavieh et al. have also shown that the capillary action of threads made from natural fibres provides slow wicking rate, which is sensitive to humidity of the environment, but could be improved by plasma activation and hydrophilization. In addition, they have demonstrated that both the gaps between the fibres and the porous structures of the fibres themselves contribute to liquid wicking along the thread and can be filled with aqueous solution (Fig. 2) . 5 Furthermore, they have shown that knots can be utilized as effective mixers and applied for fabrication of branched microfluidic devices. 5 Bhandari et al. treated silk yarn by boiling and immersing it in a blocking solution. Afterwards, the wetting and wicking properties of treated and untreated yarns were evaluated by dropping microliter volumes of dye solution onto the yarns. These authors demonstrated that the procedure had made the silk more hydrophilic and enabled it to wick a predefined volume of coloured dye solution. 7 Nilghaz et al. have used sewn cotton cloth which is inherently wettable and hydrophilic due to the porous structure of cloth formed by the gaps between the woven threads. They demonstrated that this porous structure is sufficient for providing capillary force and rapid wetting and wicking. However, they have enhanced the wettability of the cotton cloth by performing a scouring treatment using Na 2 CO 3 hot bath which was both safer and more error-tolerant in comparison with NaOH scouring (mercerization). 8 The procedure included boiling the cloth in dilute Na 2 CO 3 solution before washing with an ample amount of water to remove any remaining Na 2 CO 3 . Then, the scoured and un-scoured cotton cloths were characterized by XPS which indicated that wax in natural cotton fibres was removed from the fibre surface after treatment. Nilghaz et al. have also confirmed that the capillary wicking rates of threads scoured with Na 2 CO 3 has increased (Fig. 3) . 8 
V. FABRICATION METHODS
A variety of methods have been reported for the fabrication of multi-filament thread/ textile-based microfluidic devices in recent years. The majority of hydrophilic sample wicking channels have been created by two efficient and inexpensive manufacturing techniques. The first involves the use of hydrophilic threads and yarns to build microfluidic channels. Li et al., Reches et al., and Safavieh et al. have explored the use of cotton and polyester threads for fabrication of microfluidic channels. [4] [5] [6] 26 An advantage of thread-based microfluidic channel over a paper-based one is that the former does not required barriers to define channels. Li et al. stitched threads through a translucent polymer film using needles or household sewing machines where each stitch was used as a reaction zone. In addition, they demonstrated liquid flow control concept and sample mixing concepts using hydrophilic and hydrophobic cotton threads and by twisting threads together. 4 They have also combined threads with punched filter paper discs which were used as reaction zones to form microfluidic devices. 4 The Whitesides Group fabricated a "woven array" by encapsulating loom woven threads with knots (as reservoirs for chemical reagents) into transparent and water-impermeable adhesive tape (Fig. 4) . The work took advantage of machine looms to speed up the fabrication process, making it suitable for large scale production, 6 although the need for encapsulation between layers of tape remained. Safavieh et al. made their microfluidic devices of yarns and knots to have better control on combining, mixing, and splitting of fluidic flow. 5 The second technique of making sample wicking channels involves the use of hydrophilic woven fabrics. Bhandari et al. introduced woven fabric as a substrate for microfluidic devices. They showed that silk fabric-based microfluidic devices can be produced using a handloom machine which would be suitable for scaling up for use as a unified manufacturing platform. 7 Contrasting hydrophilic (boiled and treated with blocking solution) and hydrophobic (brass coated) silk yarns were woven together with a hand-loom to create long hydrophilic channels enclosed by hydrophobic yarn. A variety of 2D microfluidic chips of different size can be designed and constructed using this method, 7 although no techniques for fabricating 3-D fabricbased devices were presented.
Nilghaz et al. fabricated 3-D microfluidic cloth-based devices (lCADs) with confined detection zones by restricting flow within the cotton fabric to microfluidic channels formed through the deposition of hydrophobic wax. 8 Although lCADs created by Nilghaz et al. have similarities to lPADs, they retain the flexibility and mechanical strength of fabrics. As shown in Fig. 3 , this approach has advantages such as having specific detection zones as well as being more compact and embeddable for 3-D devices. 8, 27, 28 They fabricated 2-D microfluidic channels on a single layer of cloth using hydrophobic wax resist. This structure conveyed liquid within the hydrophilic channels, allowing the fabrication of distinct detection zones which could be functionalized with colorimetric reagents. This wax-patterned cotton cloth could also be folded and pressed along a predetermined folding line to allow the creation of complex 3-D structures without the need for layers of plastic tape. This functionality was achieved by folding the wax patterned layers together and has the benefit of producing more compact devices. 8 Most recently, Xing et al. created 3-D MST by stitching and tightening the mercerized cotton thread into a cotton fabric treated with a superhydrophobic coating. In their devices, fluids have been transported using an interfacial principle along the hydrophilic thread in autonomous, controllable, and continues models. 24 
VI. FLOW CONTROL CONCEPT
The natural flow patterns that occur in threads is quite special, since it includes fibres of varying lengths and interfibre bonding, as well as great differences in the types of gaps and voids found in the structures of threads, yarns, and fabrics. 5, 8 Liquid wicks one dimensionally along a thread. This is very different from the other cellulosic materials such as paper, where liquid penetration is radial, which results in the need for barriers when fabricating paper microfluidics. 29 The one-dimensional wicking of liquid in thread has two implications: One is that liquid penetration along the thread is faster than across the thread; this property has been used to design the fabrics patterns using textile technology that can efficiently control the liquid penetration direction in the textile products. The second is that there is no need to accurately measure the analyte sample in order to perform a semi-quantitative analysis, since the liquid penetration length is linear in low volume ( 0.4 ll). 11 These properties have been applied by different research groups to have better fluidic control on thread and fabrics. In order to improve the functionality of thread-based microfluidic devices, Ballerini et al. explored various functional elements, such as a binary on/off style switch, selector switches and "micromixers." They utilized a commonly available adhesive glue as a blocking solution fill the interfibre gaps of a thread, thus restricted capillary flow of the liquid at certain points of the thread channel, creating possibilities to control and direct the liquid flow. 18 The binary or on/off type switch was fabricated by tying a sliding knot near a portion of the thread that had been blocked using glue. When in the "off" position, the knot was placed on the blocked portion inhibiting liquid flow along the thread, but it could be activated by sliding the knot away from the blocked portion to allow contact with hydrophilic areas. The selector was fabricated by separating a thread into two parts by applying glue to the thread, then tying a separate thread to the adhesive-blocked section of the original thread with a loose sliding knot. By dragging the knotted thread along the other thread, away from the blockage, the user can select between two different pathways, achieving selectivity of fluid flow. A mixing device was also fabricated using a folding polymer support film, which enabled the user to combine two inlet flows into a single outlet at the time they desired (Fig. 5) . 18 Safavieh et al. also made use of different types of knots for combining, mixing, and splitting fluid flows. They showed that different knots (single and double-stranded knots) provide different levels of flow resistance. Therefore, the mixing ratio of two inlet streams can be controlled by tying different knots, where they prepared a serial dilutor made of double-stranded knots in yarns. Working towards the enhancement of fluid control on thread, Li et al. also investigated the liquid penetration along hydrophilic threads to demonstrate the relationship between the volume of aqueous sample and the wicking length of liquid. Their experiments showed that the liquid penetration length along thread increases linearly for small volumes of samples which allow the colour intensity to correlate to this volume range. Therefore, semi-quantitative assays on thread can be carried out without having to precisely control the sample volume when working in this linear range. 11 Additionally, work by Nilghaz et al. fabricated 3-D lCADs by patterning a cotton fabric with hydrophobic wax to achieve hydrophilic/hydrophobic contrast which creates barriers to confine fluid flow, creating channels. The patterned fabric then was folded to create 3 layers, where solution can wick along the hydrophilic microchannels but also between channels in adjacently folded layers. In this design, the middle layer controls the fluid flow between top and bottom layers. This method can allow two hydrophilic channels to cross over each other vertically and horizontally without mixing their contents (Fig. 3) . 8 
VII. DIAGNOSTIC AND SYNTHETIC APPLICATIONS
Several research groups have used thread-or textile-based microfluidic devices to conduct biomedical and environmental assays. In this review, we have considered several of these works, listing them by type of substrate, treatments methods, diagnostic applications, etc, in Table II . Li et al. conducted a semi-quantitative assay of NO 2 À on stitches of an indicatortreated cotton thread sewn into a polymer film support. They used a desk top scanner to convert the assay results into electronic images and measured the colour density of the stitches of thread and established calibration curves using serially diluted NO 2 À solutions (0, 125, 250, Blood plasma 36 500, 1000 lmol/L). 4 Li et al. also fabricated devices using cotton thread and filter paper to perform nitrite assays of simulated human urine. In their study, the punched paper disks of 2 mm in diameter were treated using nitrite indicator reagent and dried at room temperature. Analyte samples wicked along the threads towards the paper discs, where they reacted with the stored reagents to produce a visible pink colour. The intensity of each colour was proportional at low concentrations and asymptotic at high concentrations of nitrite. 4 Interpretation of results has been carried out both with the naked eye and also by employing computer-interfaced scanners or cameras and transferring to Microsoft Excel to enable the result to be determined digitally. Paper disks provided larger assay result display area; assay results can be much more easily processed using a scanner and computer software or transmitted electronically. A systematic comparison of linear range, sensitivity, and limit of detection between paper-and thread/ fabric-based microfluidic devices has not been reported up to date, although sporadic reports could be found in literature. Li et al. used same colorimetric protocols for detecting nitrite on both paper and thread. According to their work, the linear range obtained for the nitrite assay on thread covered the clinical range and performed even better than on paper. The linear ranges for detecting nitrite are 0-900 and 0-500 lM on thread and paper, respectively. 4 In addition, Reches et al. demonstrated qualitative multiplexed colorimetric assays using a thread-based device to analyze artificial urine. They immersed cotton threads into colorimetric indicator reagents for the detection of protein, nitrite, and ketones which are indicators of kidney dysfunction, infection, and diabetic ketoacidosis, respectively (Fig. 4) . Reches et al. also demonstrated enzymatic-based detection by combining cotton thread with polyacrylamide gels which were impregnated with the required reagents and enzymes for the detection of glucose and alkaline phosphatase in simulated urine and plasma, respectively. The end of the thread was used as an inlet point for absorbing the sample analyte. They showed that when using these gel particles, reagents remained active for at least 5 days at ambient temperatures. 6 Ballerini et al. also used thread as a flexible and inexpensive substrate for the rapid ABO/ rhesus (RhD) grouping of human blood. 30 As shown in Fig. 6 , they successfully determined the ABO and RhD group of a 2 ll sample of whole blood obtained from a finger prick. This work demonstrated the capability of thread for carrying out biomedical assays by reducing sample and reagent volumes. strip of 125 mm length and 5 mm width which could be cut into small strips and which had been designed as a platform for a polyclonal Goat Anti-Rabbit (GAR)-Rabbit IgG system. 7 The yarn was pre-blocked prior to coating with detection conjugate (including GAR IgG conjugated to gold nano-particles). The predetermined test and control regions of yarns were coated with Rabbit IgG and Mouse Anti-Goat IgG, respectively. The analyte sample and buffer was wicked by the strip to react with reagents in the test and control zones. 7 In other work, threads were used as hydrophilic channels to transfer and mix analyte samples for immunochromatographic assays. A cotton thread was knotted to a nylon fibre bundle which had been coated with antibodies which act against three different target analytes (CRP, osteopontin, and leptin proteins). This device was used for performing immunochromatographic assays on thread (ICAT) (Fig. 7) . 31, 32 Coyle et al. worked on embedding wearable chemosensors into clothing which were an integration of chemical sensors into a textile matrix. They presented textile-based microfluidic devices which were embedded into wearable textile to collect and analyse sweat in-situ, providing real-time feedback to the subjects wearing them. 33 After this work, Curto et al. further developed a device for monitoring sweat pH during cycling activity using wearable sensors. They also improved micro-fluidic chip functionality by combining with miniaturized electrical components. 34 Vatansever et al. fabricated pH-sensitive sensors using pH-sensitive polymers such as PAA [poly(acrylic acid)] and P2VP [poly(2-vinyl pyridine)] that redirect aqueous liquids toward PAA channels at pH > 4 and toward both PAA and P2VP channels at pH < 4. These kinds of devices can be embedded as close as possible to wearable products to fabricate the smart cloth. 35 Banerjee et al. demonstrated the fabrication and detection of ferric hydroxide and 2,4-dichloro-N-(2-morpholinoethyl) benzamide by colorimetric detection on both cotton and silk threads. Their method showed $84% and 72% for yield ferric hydroxide and 2,4-dichloro-N-(2-morpholinoethyl) benzamide, respectively, comparing to test tube-based method. They applied surface chemistry to avoid the adsorption of cations (Fe 3þ and NH 4 þ ) on hydroxyl groups of cellulose by using acidulated ferric chloride. 36 Besides the many different instances of colorimetric detections on thread, Wei et al. developed a method of electrophoretic separation and electrochemical detection of ion samples using thread. In their study, plasma treated and untreated polyester threads were affixed on a PMMA chip using protruding sleeper structures. This device was used for separating the mixed ion samples (Cl À , Br À , and I À ) and detecting potassium ferricyanide (K 3 Fe(CN) 6 ) at a detection limit of 6.25 lM.
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VIII. FUTURE TRENDS
All of the aforementioned studies illustrate the efficacy of multifilament thread and textiles for creating effective and inexpensive platforms for performing a variety of multiplexed diagnostic tests. However, research in this area remains at an early stage of development and requires a variety of future investigations into diagnostic, POC, and environmental monitoring applications. There exists the capability for embedding thread into wearable clothing and products, putting diagnostic devices close to real subjects. The use of these embedded sensors is not restricted to underdeveloped areas, as convenient sample collection is desired equally in developed regions. 35 The well-established textile industry will also significantly benefit from the future development and large-scale fabrication of thread and textile-based sensors. To date, most multifilament thread and textile-based microfluidic devices have been made using cotton; in future, other grades of natural and synthetic multifilament threads with unique properties may be used for different purposes such as detection of surface temperature, UV-radiation, or microorganisms. 38 Understanding liquid transport behavior within multifilament thread and textiles is be essential for control fluid flow and estimate the required volumes of aqueous liquid samples and reagents. Liquid transport behavior on thread and fabric specifically for microfluidic diagnostics deserves further investigation and reconsideration, since the major investigations in this field have been performed by textile technology scientists working towards achieving very different goals and applications.
Furthermore, applying different fabrication and detection methods for creating thread-based microfluidic systems has been restricted due to its small thickness which is not suitable for colorimetric detection. Therefore, future works can apply thread for various identification methods.
Surface modification of fibres is important for making thread and fabric-based microfluidics. Pore structure in thread is very different from that found in paper. Synthetic characterization of the pore structure may further enrich our understanding of the advantages of thread and fabric materials over paper for certain specific tasks of microfluidic analysis. Surface modification of fibres in thread may substantially enhance the sample filtration and analyte detection abilities of thread and fabrics.
IX. SUMMARY
Work to-date shows that there is a great potential for thread and fabrics to be further studied as materials for microfluidics. This includes investigation of fibre surface treatments and functionalization; more quantitative characterization of pore structures of threads and fabrics; and using the existing manufacturing capabilities of the textile industries to explore new technical possibilities of thread and fabric microfluidics. This paper reviewed the progress made in the use of multifilament fibres and threads as hydrophilic/hydrophobic platform for the fabrication of thread and textile-based microfluidic devices. Liquid wicking along a thread depends on the level of hydrophobicity of the thread surface, which can be modified by treatment. The voids which form microchannels between filaments and the weave/twist porosity of threads and fabrics enable strong wetting and wicking properties which make them appropriate for use as microfluidic conduits for fluid flow without the need of external pumps. Such devices may be mass-fabricated using well established and inexpensive mass-manufacturing techniques for spinning, twisting, and dying which make them appropriate for diagnostic applications in developing regions. These alternative materials also have the capability to be combined with other hydrophilic/hydrophobic materials. Several methods have been applied to form hydrophilic-hydrophobic contrast and liquid control for fabricating complete microfluidic systems. In addition, different diagnostic methods can be utilized in conjunction with these substrates such as well-established colorimetric detection techniques, immunoassay and electrochemical detection mechanisms, and many others.
On the other hand, the durability and flexibility of fibre-based substrates allow us to have more compact and embeddable devices which can be implemented as close as possible to real subjects, pushing the boundaries of what is possible for real-time sample collection and analysis across a range of applications. Although much progress has been made, there remains a strong need to better understand, model, and control the flow of reagents and samples within these devices.
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